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Report A-920057-5 

Research on the Collision Probabi l i t i es  of Electrons 

and Cesium Ions i n  Cesium Vapor 

Final  Report 

Contract No. NASr -112 

SUMMARY 

The c o l l i s i o n  cross  sect ions of ions and e lec t rons  i n  cesium vapor were de ter -  
mined by an experimental research inves t iga t ion  conducted a t  the  United Ai rc ra f t  Corp- 
ora t ion  Research Laboratories during the period May 1, 1962 through May 31, 1963. 
Values f o r  these cross  sect ions permit the  formulation of a quant i ta t ive  ana lys i s  of 
the  operation of thermionic converters or other  devices employing cesium vapor i n  an 
ionized state. 
e l ec t ron  c o l l i s i o n  c ross  sect ions and a modification of the  Ramsauer experiment de- 
signed t o  eliminate contact  po ten t i a l s  was employed t o  determine the ion c o l l i s i o n  
cross  sect ions.  The c o l l i s i o n  cross  sect ions f o r  e lec t rons  with cesium atoms were de- 
termined t o  vary from 1150 t o  1500 Pc ( co l l i s ions  per centimeter a t  one millimeter 
gas pressure)  a t  energies  of 0.05 and 0.10 ev, respect ively,  with a maximum cross  sec- 
t i o n  of 190 Pc a t  .065 ev. 
were determined t o  vary from 5,685 to25,570Pc a t  energies of 9.7 t o  0.12 e v  respec- 
t i v e l y .  

Electron cyclotron resonance techniques were employed t o  determine the 

The c o l l i s i o n  cross  sect ions of ions  with cesium atoms 

RECOMMENDATIONS 

Further research work on the determination of the  c o l l i s i o n  cross  sec t ion  of 
e lec t rons  with cesium atoms should include addi t ional  s tud ies  of the  e lec t ron  energy 
d i s t r i b u t i o n  i n  cesium vapor under conditions of thermal ion iza t ion  and of non-equilibrium 
ioniza t ion  produced by r f  exc i ta t ion .  
formation on the  ve loc i ty  dependence of the  c ross  sect ion i n  the  t r a n s i t i o n  regime a t  
e lec t ron  energies less than 0.065 ev  a t  which energies thermal ion iza t ion  was employed 
i n  the present experiments. I n  addi t ion,  these s tud ies  would provide an improved un- 
derstanding of the mechanisms associated with non-equilibrium ioniza t ion  phenomena. 
Measurementsof electron-atom c o l l i s i o n  cross  sect ions i n  the energy range above 0.1 ev  

Such an inves t iga t ion  would provide addi t iona l  i n -  
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would be extremely valuable since the e f f ec t  on the  measured co l l i s ion  cross sections 
of 5igher e n e r g  e l c c t r m c  ir, t he  t h e m e l  distrib1Jtion at energies below O v l  ev  could be 
properly considered. 

Experimental :;t,udies should be undertaken t o  determine ion-atom co l l i s ion  cross  
sect ions a t  energies below 0.1 ev i n  order t o  obtain ion cross-section data  f o r  an energj 
range of importance t o  thermionic converter performance, Also such s tudies  would per- 
m i t  the  fund'mentsl l j n i t  of the  experimental technique used i n  the  present invest igat ion 
t o  be determined, In  addition, s tudies  should be undertaken t o  determine the  e f f ec t  on 
the  cross sect ion of t he  thermal veloci ty  of t he  atoms i n  the  co l l i s ion  chamber so t h a t  
t h e i r  energy contribution t o  the  co l l i s ion  can be properly considered a t  very low energ- 
i e s  e 
used t o  determine the ion co l l i s ion  cross sections i n  an energy range from 0.1 t o  10 ev  
of other  a l k a l i  metals, such as sodium, potassium, and rubidium. These lat ter s tudies  
would provide important data pertaining t o  MHD flows and other  appl icat ions 

The present experimental apparatus with r e l a t ive ly  l i t t l e  modification could be 
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INTRODUCTION 

I n  order t o  permit the  formulation of a quant i ta t ive  ana lys i s  of the operation 
of thermionic converters or other  devices employing cesium vapor i n  an ionized state,  
an experimental research inves t iga t ion  w a s  undertaken a t  the UAC Research Labora- 
t o r i e s  under the  sponsorship of the  National Aeronautics and Space Administration 
t o  determine the c o l l i s i o n  cross  sect ions of ions and e lec t rons  i n  cesium vapor. 
The research program was divided i n t o  two main par t s :  the measurements of t he  t o t a l  
c o l l i s i o n  c ross  sec t ion  of cesium ions with cesium atoms i n  the energy range of 0.1 
t o  10 ev  and the  measurement of the  c o l l i s i o n  cross  sect ion of e lec t rons  with cesium 
atoms i n  the  energy range of 0.05 t o  0.10 ev. 

GENERAL DISCUSSION OF EXPERIWTAL 

METHODS AND DATA ANALYSIS 

The e lec t ron  cyclotron resonance techniques which vere employed t o  determine 
the electxon c o l l i s i o n  cross  sect ions a re  based on the physical p r inc ipa l  t h a t  the 
resonant frequency of f r e e  e lec t rons  gyrating i n  a magnetic f i e l d  i s  broadened by 
c o l l i s i o n s  with gas atoms. 
be measured, therefore ,  by determining the width of the cyclotron resonance l i n e .  
An extremely sens i t i ve  microwave spectrometer which w a s  constructed t o  a t t a i n  accurate 
measurements of the cyclotron resonance l i n e  shape incorporated an electromagnet 
with a very homogeneous magnetic f i e l d  region and time modulation of the f i e l d  so 
that phase-sensitive detection could be used. 
balanced mixer-detector with an extremely l o w  noise figure so t h a t  microwave powers 
of the order of 10-16 watts could be detected. 
c u i t r y  was phase-sensitively detected and displayed on x-y p lo t s .  
of the cesium was  cont ro l led  by an oven and Tophet A heating s t r i p s  adjacent t o  the  
cesium tube. 

The c o l l i s i o n  frequency between e lec t rons  and atoms can 

!The microwave c i r c u i t r y  included a 

The output from the microwave c i r -  
The temperature 

The da ta  obtained were analyzed using t h e  de t a i l ed  l i n e  shape of the cyclotron 
resonance t o  p red ic t  not only the absolute magnitude of the c o l l i s i o n  c ross  sect ion 
but  a l s o  the  dependence of the c ross  sect ion on the e lec t ron  veloci ty .  
resenta t ion  f o r  ,the c o l l i s i o n  frequency incorporating two terms t o  p red ic t  more 
accurat,ely the ve loc i ty  dependence was employed i n  these ca lcu la t ions  rather than 
t h e  normal s ing le  term approximation which has been used i n  t h e  p a s t  f o r  microwave 

A new rep- 
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experiments. A t  the higher energies, ionizat ion of the cesium by ex terna l  rf power 
w a s  not, required and the thermal ion iza t ion  due t o  the temperature of the  cesium gas 
alone produced free e lec t rons  i n  s u f f i c i e n t  density t o  produce detectable cyclotron 
spectra .  When thermal energy alone i s  used t o  generate f r e e  e lec t rons , the  e lec t ron  
energy d i s t r i b u t i o n  must necessarily be Maxwellian which makes the  in t e rp re t a t ion  of 
t h e  spectra  unique. This phemonenon has not been observed i n  any other experiments 
reported t o  date  and represents a s ign i f icant  advance i n  the  state of t he  a r t  of 
c o l l i s i o n  cross-section measurement techniques. 

A modification of the Ramsauer experiment designed t o  eliminate contact potent- 
i a l s  was employed t o  measure the ion c o l l i s i o n  c ross  sect ions.  
t he  measurement of the ion-atom cross  sect ion was  accomplished by measuring the 
a t t en tua t ion  of a beam of cesium ions as it passes through cesium vapor. 
c o l l i s i o n s  occur i n  the presence of a magnetic f i e l d  which not only accomplishes an 
energy ana lys i s  of the ions,  bu t  removes ions which have suffered energy degrading 
co l l i s ions .  The elimination of contact po ten t i a l s  was  accomplished by employing a 
spec ia l ly  designed c o l l i s i o n  chamber fabr ica ted  withre-entrance sl i ts  so t h a t  any 
e l e c t r i c  f i e l d s  generated ex terna l  t o  the  chamber do not pene t ra te  i n t o  it. There- 
fore ,  i f  an ion passes through the  chamber, i t s  energy i s  known during the  t i m e  it 
i s  i n  the chamber and i s  co l l i d ing  with atoms. The chamber was constructed of ex- 
tremely pure, homogeneous copper which was electroformed i n t o  the  des i red  shape t o  
provide a region free of contact  and thermoelectric po ten t i a l s .  
i s  necessary f o r  accurate experimental measurements of c o l l i s i o n  cross  sect ions a t  
low energies .  The cesium ion  source employed a porous tungsten d isk  through which 
cesium was passed and ions were generated on the high work function tungsten sur- 
face.  The beam was focused by a succession of s l i ts  and was decelerated t o  a very 
low energy. 
by a Faraday cup or  a 20-stage e lec t ron  m u l t i p l i e r .  me gain of the multiplier was 
s u f f i c i e n t l y  high t o  permit curren ts  as l o w  as amps t o  be measured. The e n t i r e  
vacuum system was constructed of s t a i n l e s s  steel and was baked out  t o  remove i m -  
p u r i t i e s  from the system. 

I n  t h i s  modification, 

The 

This arrangement 

Upon emergence from the c o l l i s i o n  chamber,the beam was co l lec ted  e i t h e r  

A de ta i l ed  descr ip t ion  of the experimental research work t o  determine the  
c o l l i s i o n  c ross  sec t ion  of ions and e lec t rons  i s  presented i n  the subsequent sec t ions  
of t h i s  r epor t  e 
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ELECTRON COLLISION CROSS SECTION MEASUFEMEDIT 

Introduction 

Electron-atom collisions play the dominant role in determining transport 
The electrical conductivity in alow phenomena in partially ionized plasmas. 

temperature non-equilibrium cesium plasma is determined almost wholly by the 
collision cross section of electrons with atoms. Accurate data for this colli- 
sion cross section is extremely important for a fundamental understanding of the 
behavior of any device such as thermionic converters using cesium vapor in this 
partially ionized state. Electron. evergjes of most 'interest in such devices are 
in the vicinity of 0.1 ev. Accurate data in this cnergy range is not available 
in the literature. Low electron energies rule out the use of beam cross-section 
measurement techniques such as Ramsauer experiments. 

The most versatile and accurate methods for the determination of low-energy 
collision cross sections are microwave techniques. The electron cyclotron 
resonance microwave technique (Refs. 1,2 & 3) has the additional advantage of 
high sensitivity thus allowing accurate measurements at very low electron den- 
sities. For this reason only a very small percentage of the cesium vapor need 
be ionized to make the collision cross section measurement; consequently, cesium 
reactions with container walls are minimized. In addition, electron-ion colli- 
sion cross sections are quite large at these low energies, making it important 
to keep the percentage ionization in the plasma very low. 
tivity of the technique allows the very low electron densities associated with thermal 
ionization to be used to make collision cross-section measurements. 
heat as the energy input to the plasma, a Maxwellian electron energy distribution 
is assured, thus increasing the confidence in the measurements. 

Also, the high sensi- 

With only 

In essence the electron cyclotron resonance technique requires only the 
measurement of frequency or conversely magnetic field (which may be converted to 
frequency through various nuclear and atomic resonance phenomena) to determine the 
collision cross section, and does not involve absolute measurements of the 
collection efficiency of electrodes, etc. In addition, the electron cyclotron 
resonance method has advantages over conventional microwave technique in that 
the microwave interaction is highly dispersive in a relbtively narrow frequency 
range, and the spectral line shape of the interaction is a function of the depen- 
dence of the collision frequency on electron velocity. Therefore, information on 

5 
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t he  ve loc i ty  dependence of the  co l l i s ion  cross section may be obtained a t  a s ingle  
e lectron temperature. 

Physical Model and Experimental Limitations 

The motion of an electron i n  a combined ac e l e c t r i c  f i e l d  and dc magnetic 
f i e l d  lends i t s e l f  t o  a simplified determination of the  electron co l l i s ion  cross 
sect ion.  
equal t o  the frequency of the applied o r  detected microwave e l e c t r i c  f i e l d ,  t he  
electrons w i l l  absorb o r  r ad ia t e  power and the  l i n e  shape of t h i s  absorption o r  
rad ia t ion  i s  r e l a t ed  t o  the co l l i s ion  frequency. I n  the  absence of co l l i s ions  an 
electron i n  a dc magnetic f i e l d  w i l l  radiate a monochromatic frequency given by 
eB/m. However, damping o r  co l l i s ions  w i l l  broaden t h i s  spectrum and w i l l  provide 
a means f o r  determining the  electron co l l i s ion  frequency by measuring the  widths 
of the resonance l i n e .  

When the  cyclotron frequency of the  electron i n  a magnetic f i e l d  i s  

Other e f fec ts ,  however, may a l so  produce broadening of t he  l i n e .  Doppler 
shifts  due t o  the  f a c t  t h a t  the  electron may be t rave l ing  toward o r  away from 
the  d i rec t ion  of observation can produce s igni f icant  broadening of t he  radiat ion.  
However, Doppler broadening i s  small compared t o  pressure broadening when the  
r a t i o  of the  co l l i s ion  frequency t o  the  frequency of the  microwave s igna l  i s  
l a rge  compared t o  the  r a t i o  of the  electron veloci ty  t o  the  ve loc i ty  of l i g h t .  
Doppler broadening e s sen t i a l ly  represents an upper l i m i t  t o  t h e  e lec t ron  temper- 
a tures  t h a t  can be u t i l i z e d  i n  t h i s  technique but f o r  energies of i n t e r e s t  t o  
conventional plasma devices, t h i s  r e s t r i c t i o n  i s  not important. I n  addition, 
t r a r , F i t  t i m e  effects  m a y  broaden the l i n e .  An electron moving through the region 
t ha t  i s  sensing t h e  absorbed or radiated microwave power w i l l  e m i t  a f i n i t e  length 
wave t r a i n  during the  t i m e  of in te rac t ion  and t h i s  wave t r a i n  w i l l  contain 
harmonics which w i l l  broaden the  l i n e .  Once again, the  amount of broadening due 
tc! t r a n s i t  time e f f e c t s  i s  r e l a t ed  t o  the electron energy as the  e lec t ron  veloci ty  
w i l l  determine the  time duration of the  in te rac t ion .  T r a n s i t  t i m e  e f f e c t s  a r e  
a l s o  s m a l l  with regard t o  the  broadening produced by co l l i s ions  i n  the  energy 
range of i n t e r e s t .  

Stark e f f e c t  due t o  the presence of many pos i t ive ly  charged ions which would 
randomly acce lera te  t he  electrons,  could a l s o  broaden the  resonance l i n e .  However, 
for su f f i c i en t ly  low plasma dens i t i e s  which a r e  always used i n  these experiments, 
the  Stark e f f e c t  w i l l  not produce appreciable broadening. 

6 
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Inhomogeneities in the dc magnetic field will change the value of the 
cyclotron frequency of the electrons, Therefore, particular attention must be 
paid to the question of magnetic field homogeneity and values one 
part in a thousand must be maintained over the plasma volume if the subsequent 
line broadening is to be reduced to an acceptable value. 

less than 

The electromagnetic energy that is radiated or absorbed by the electrons will 
be affected by the dielectric constant of the plasma in which the electrons are 
moving. The dielectric constant of the plasma differs only slightly from that of 
free space for low electron densities which reduces the plasma broadening effects 

10 to negligible values. Therefore, if microwave instrumentation in the 10 
8 cycles/sec region is to be used, electron and ion densities below 10 per cm3 

must be maintained in the plasma to obtain meaningful measurements in the pres- 
sure range used (p > 50 pH@;). 

Microwave Attenuation Coefficient 

The development of the Boltzmann equation leading to the tensor dielectric 
coeffi ient for a ten o s plasma in a magnetic field follows the work of W. P. 
Allis( and L. Mower15y The attenuation coefficient for a plane wave propa- 
gating in an infinite homogeneous plasma with the Poynting vector and E-field 
both perpendicular to the magnetic field is found to be given by 

t 

where 

k o  = 2 T l A  ( A = free space wavelength) 

e = electron charge 
m = electron mass 
c0 = permittivity of free space 

w = frequency of E-field 

7 
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W b  = electron cyclotron frequency 

fg  = particle distribution function 

VC = collision frequency for momentum transfer 

This derivation holds in the limit of low electron densities when 
112 

w ; / U c q < <  1 .  ( wp [ne2/meo] is the plasma radian frequency) 

and when the non-resonant term is negligible. We see that this is in the standard 
Lorentzian form, and when uc is not a function of velocity, the half-width is 
directly related to the collision frequency. For a thermalized plasma in which 
Kirchhoff:s law applies the ratio of the emission to the absorption is a constant. 
Therefore, the line structure of the cyclotron radiation spectra is identical to 
the absorption spectra. 

The line shape of a cyclotron resonance absorption spectra is the only 
consideration in the determination of the collision frequency for momentum trans- 
fer. For this reason the free space analysis of the propagation constant can be 
applied to a bounded plasma in a waveguide if the effective dielectric constant 
is very slightly different from that of free space (low electron densities) and 
the electric field is sufficiently low so that the electrons are not heated dur- 
i.ng the measurement. For waveguide propagation the term outside the integral in 
Eq. 1 is then a constant representing an average over the waveguide cross section 

In microwave spectroscopy the absorption spectra are usually displayed in 
derivative form. For a Maxwellian distribution of velocities the derivative 
of the attenuation coefficient is given by 

m 
2 k T  and a = -  where X = ( w -  W b  

Case of Non-constant Collision Frequency 

Let us assume that the velocity dependence of the collision frequency can be 
approximated by the relation 

8 



where A, By and h are constants. 

Subst i tut ing i n t o  Eq. 2 we f ind  the  der ivat ive of the  absorption coeff ic ient  
i s  given by 

03 - -  d P  - c I y 3 t 2 e - Y  

d X  0 

X L  where y = a v 2 ,  h = 2 1 ,  y =  $a', and c = -a B 

This in t eg ra l  has been programmed on a computer f o r  O S h  5 3  , and 
y 2  = 0,0.01, 0.1, and 1.0. 
define the  ''a 'I width of a spectrum i n  der ivat ive form. 
spectrum i s  i l l u s t r a t e d  i n  Fig. 1 A .  
w i t h  t he  peak normalized t o  one. 

the  wing of t he  spectrum. 

Before discussing t h e  r e su l t s ,  it would be w e l l  t o  
A typ ica l  absorption 

One half  of t h i s  spectrum i s  drawn i n  Fig. 1B 
The "a 'I width refers t o  the  width taken a t  

the f r ac t ion  !d of the  peak value where the width extends from I w - w b l  = 0 t o  

The solut ions of the  in t eg ra l  i n  Eq. 4 a r e  shown i n  Fig. 2. where the  
subscript  fi re fers  t o  the widths just described. If y , h and XQ are 
measured experimentally, then the co l l i s ion  frequency i s  determined by the  equation 

For the assumption v c ( V )  = A +  BV 
must hold f o r  any width 

determine y 
and obtaining the  bes t  consistent " f i t "  f o r  various 

t o  be va l id  the r e l a t ion  X,/XI = Cs2 /CI 
. Figure 3 shows the  r e s u l t s  of t he  theore t ica l  

r a t i o s  of the spec t ra l  l i n e  widths f o r  three values of y 2 . One might then 
and h experimentally from a s ingle  spectra  by measuring Xsl / X I  

a 

1 9 
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Experiment 

The geometry employed i n  the co l l i s ion  cross  sect ion measurement i s  shown i n  
Fig. 4. 
c e l l  contained within a piece of x-band (9375 mc) waveguide. 
p l i ed  by an ac breakdown of the gas ex terna l  t o  the  measurement c e l l  when t h e  ambient 
temperature of t h e  cesium vapor i s  less than 750 K. 
the  microwave spectrometer used t o  monitor the cyclotron resonance absorption there  
are s u f f i c i e n t  e lec t rons  i n  thermal equilibrium with the cesium vapor a t  temperatures 
above 750 K t o  eliminate the need f o r  an external  e lec t ron  source. The Saha equation 
f o r  ion iza t ion  equilibrium i n  cesium vapor a t  a pressure of 100 microns Hg, sets t h i s  

Electrons a re  allowed t o  d r i f t  along a dc magnetic f i e l d  i n t o  a measurement 
The e lec t rons  are sup- 

With the present s e n s i t i v i t y  of 

minimum detec tab le  e lec t ron  densi ty  a t  approximately 10 4 e l ec  trons/cm 3 . 
I f  the  e lec t ron  source i s  ex terna l  t o  the measurement c e l l  the  e lec t rons  w i l l  

l o se  energy i n  c o l l i s i o n s  with the  gas atoms and thermalize as they random walk i n t o  
the  c e l l .  I n  t h i s  way a source of low energy e lec t rons  i s  provided i n  the  waveguide 
and t h e i r  energy can be control led by regulat ing the ambient temperature of the c e l l  
body. The c o l l i s i o n  cross  sect ion of the e lec t rons  can then be determined by observing 
the  spec t r a l  shape of the cyclotron resonance absorption of a probing microwave s ignal .  

The experimental apparatus cons is t s  of a 12-inch pole piece electromagnet with 
a highly regulated power supply, a microwave spectrometer, and the cesium tube with 
its oven housing. 

To eliminate l i n e  broadening e f f e c t s  due t o  magnetic f ie ld  inhomogeneities an 
eiectro-magnet with a 12-inch dia .  pole piece was used and a 1-1/2 inch wide i ron  
rring was added t o  increase the effect ive pole face diameter t o  15 inches. The a i r  
gap i s  9-l/2 inches t o  accomodate a double oven assembly which w i l l  cont ro l  the 
cesium pressure i n  the  measurement cell .  The magnet power supply i s  current  regu- 
la ted t o  one p a r t  i n  LO5 by a feed-back system incorporating a reference c e l l .  
magnetic f i e l d  i n  the gap was  measured with NMR equipment and found t o  be homo- 
genous t o  1 part i n  lo3 a t  a magnetic f i e l d  of 3350 gauss over a cylinder 1 cm i n  
diameter x 2 cm i n  length i n  t h e  center  of the  a i r  gap which i s  a volume i n  excess 
ol” the plasma volume employed i n  the experiment. 

The 

I l l u s t r a t e d  i n  Fig.  5 i s  a block diagram of the X-band microwave spectrometer 
which was used t o  monitor and display t h e  cyclotron resonance power absorption. 
probe k lys t ron  i s  s t a b i l i z e d  i n  frequency by inducing a very small 90 kc frequency 
modulation on the klystron output. 
cavi ty  with a phase detector ,  an e r r o r  s ignal  can be derived which, if applied with 

The 

By sampling the r e f l ec t ions  from a reference 

10 
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the cor rec t  po la r i ty  t o  the r e f l ec to r  e lectrode,  s t a b i l i z e s  the klystron frequency 
t o  correspond t o  the resonant frequency of t he  reference cavi ty .  
probe klystron was s t ab i l i zed  t o  1. p a r t  i n  lo7 over a period of one hour. 
l o c a l  o s c i l l a t o r  klystron i s  a l s o  s t ab i l i zed  i n  frequency by mixing the  output with 
t h a t  of the  probe klystron and feeding the difference frequency t o  a 30 mc discrim- 
ina tor .  
the frequency output w i l l  be s t ab i l i zed  a t  30 mc difference f r o m  the probe frequency. 
This s t a b i l i t y  i s  very important i n  reducing the overal l  noise f igure  of the spectro- 
meter since the  superheterodyne receiver i s  a high gain 30 mc amplifier which has a 
very narrow bandwidth. 
c r y s t a l  mixer matched t o  an L,E.L. 30 mc, 120 db I.F. s t r i p  with a 1 mc bandwidth f o r  
an overa l l  noise f igure of less than 7 db and a s e n s i t i v i t y  of approximately 
watts. 

I n  this way the 
The 

Again, i f  the cor rec t  po la r i ty  i s  applied t o  the  L.D. klystron r e f l ec to r ,  

The receiver  incorporated m23F s i l i con  diodes i n  a balanced 

The microwave spectrometer can be used e i t h e r  as a bridge c i r c u i t  for maximum 
sens i t i v i ty ,  or,  fo r  ease of operation, as a s t r a i g h t  transmission geometry. The 
usual technique of unbalancing the  bridge s l i g h t l y  i n  amplitude but  not i n  phase 
el iminates  the dispersion e f f e c t s  which occur simultaneously with absorption. 
the s t r a i g h t  transmission geometry t h i s  is accomplished by properly matching the  
de tec tor  t o  the  waveguide. 

For 

The f a c t  t h a t  r e f l ec t ions  from t h e  plasma a re  important w a s  discussed i n  length 
i n  Appendix I t o  Quarter ly  S ta tus  Report No. 1 UAC Research Labs A-920057-1. 
el iminate  the  error introduced by r e f l ec t ions  from t he  plasma, which i s  appreciable 
i n  the wings of the spectra,  the microwave probe s ignal  i s  fed through a 20 db 
d i rec t iona l  coupler with 40 db d i r e c t i v i t y  as i l l u s t r a t e d  i n  the  block diagram. An 
adjustable  short is placed on t h e  end of the  d i rec t iona l  coupler away from t he  
meamrement c e l l .  The shor t  is used t o  reflect power lost  to the transmitted wave 
by r e f l ec t ions  a t  the  plasma. 
the  cor rec t  phase, the power reflected by the  plasma w i l l  add once again t o  the 
transmitted wave and the only power loss detected by the receiver  w i l l  be that due 
t o  real absorption i n  the  plasma. 

To 

If the r e f l ec t ions  a t  the shor t  are adjusted t o  have 

A 500 cycle audio o s c i l l a t o r  and power amplif ier  are used t o  drive the  modulation 
c o i l s  on the s ides  of the measurement c e l l .  
s igna l  f o r  the  phase de tec ta r  which i s  described by D. J. E. Ingram(6). The output from 
the phase detector  i s  then fed t o  a high impedance dc amplif ier  and displayed on an 
X-Y recorder.  
sweep amplitudes up t o  1000 gauss i n  sweep t i m e s  up t o  15 minutes. The slow sweep 
speeds allow t i m e  constants up t o  10 see t o  be incorporated i n t o  the output of the 
phase detector  for  maximum s e n s i t i v i t y  and discrimination against  random noise.  A 

The o s c i l l a t o r  also provides a reference 

An e lec t ronic  sweep circuit d r i v e s  the  magnet power supply t o  provide 

11 



A -920057-5 

voltage derived f r o m  a precis ion r e s i s t o r  i n  series with the electromagnet is used 
t o  d r ive  the X-axis of the  X-Y recorder. Properly ca l ibra ted  t h i s  voltage is  
d i r e c t l y  r e l a t e d  t o  the  magnetic f ield s t rength and therefore  t o  the e lec t ron  
cyclotron frequency. 

I n  order t o  be able to i n t e r p r e t  the absorption spectra  a ca l ib ra t ion  of t h e  
The microwave input  power level was ad- detect ion instrumentation was performed. 

j u a k d  so that the balanced c r y s t a l  detectar represented pure square-law detection. 
This l eve l  i s  approximately 10-7 watts which i s  su f f i c i en t ly  low t o  neglect plasma 
heating during t h e  microwave meaEWement. 
the effect of audio modulating the  dc magnetic field. 
meter can be ca l ibra ted  f o r  l i n e a r i t y  of response. 

The ferrite modulator i s  used t o  simulate 
I n  this  way the e n t i r e  spectro- 

The double Oven housing the cesium measurement cell  and plasma dr i f t  tube i s  
pictured i n  Fig. 6. To inves t iga te  
the p o s s i b i l i t y  of cesium react ions with the  tube walls a t  high temperatures, the  
l a s t  tube was constructed of G. E. Lucal.0~ (Al203) ceramic i n  the waveguide regian. 
After  bake out a vacuum of 10-8 mm Hg was obtained before admitting the cesium which 
was assayed a t  99.9 per cent  purity.  
located i n  the lower oven. The upper p a r t  of the tube includes a 7 mm 0.d. straight 
quartz sect ion 12  c m  long which is directed along the ax is  of the magnet pole  pieces. 
"he distance between the region of the breakdown and the waveguide is su f f i c i en t ly  
long so t h a t  the e lec t rons  will su f fe r  enough co l l i s ions  t o  thermalize a t  the tem- 
perature of the vapor before enter ing the waveguide. 
measurement c e l l  situated exact ly  i n  the  center  of the magnet a i r  gap contains two 
one-inch tubular  project ions from the  ZIEUTW wall which represent  waveguide beyond 
cutoff t o  the microwave s ignal .  
so as t o  f i l l  most of the waveguide cross section. Situated a t  the  start of t h e  
quartz d r i f t  tube is a breakdam coil wound on a boron n i t r i d e  coil  form and con- 
nected t o  a 600 mc p e r  oscil lator-.  
k w o  co i l s  which a r e  used t o  modulate the dc magnetic f i e l d  i n  t h e  waveguide a t  500 
cycles/sec. Mot shown i n  t he  diagram are the temperature control  heaters  and tem- 
perature sensing components which are used a0 p a r t  of an oven temperature regulator  
c i r c u i t .  In operation this cimuit is  capable of s t a b i l i z i n g  the  oven temperature 
$a f 0.5 F a t  500 F. 
f o r  cesium vapor pressures i n  the range of lOO-5OO 
approximately 5-10 p Hg/F. The upper oven temperature i s  always maintained a t  a 
higher value than the temperature of the lower Oven t o  prevent the p o s s i b i l i t y  of 
cesium condensing on the  walls of the d r i f t  tube. The double Oven assembly a l s o  
allows one t o  independently control  t he  pressure i n  the system by regulat ing the 

The i n i t i a l  tubes were fabricated of quartz. 

The portion containing the cesium anpule is 

The s t a i n l e s s  steel waveguide 

The quartz d r i f t  tube passes through the waveguide 

On each s i d e  of the  Waveguide are fastened the 

W s  control  is exceedingly important i n  view of the fact tha t  
Hg the pressure will change 
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lower temperature and t o  control  the  e lec t ron  energy by regulat ing the  upper oven 
temperature. The oven was designed t o  operate a t  the maximum temperature of 800 K. 

I n  order t o  increase the ambient temperature of the measurement c e l l  t o  1150 K 
a l o c a l  r e s i s t i v e  heating technique w a s  used which i s  depicted i n  Fig.  7. Two 
Tophet A ribbons 1/8 inch wide were inser ted  between the cesium tube and a concentric 
8 mm1.d. quartz tube such t h a t  they are diametrically opposite and oriented for  a 
minimum perturbat ion of the microwave e l e c t r i c  f ie ld .  The ribbons a re  connected i n  
series and heated with a regulated dc power supply. Approximately 350 watts of power 
w a s  needed t o  br ing the cesium tube up t o  1150 K which corresponds t o  an e lec t ron  
energy of 0.10 ev. 
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Experimental Results 

To determine the  e f f ec t  of various experimental parameters, t he  l i n e  shape was 
f i rs t  determined as a function of the  rf f i e l d  strength i n  the  waveguide. 
microwave probing leve ls ,  t h e  electron energy can be perturbed and e r ro r s  may be in -  
troduced i n  the  determination of the co l l i s ion  frequency due t o  the  f a c t  t h a t  the elec-  
t rons  are at an elevated temperature. However, f o r  low microwave power leve ls ,  the  
l i n e  shape i s  unaffected by the  strength of t he  microwave power s ignals  as i s  shown in 
Fig. 8. The power l e v e l  was carefu l ly  control led throughout a l l  the  experiments t o  
make ce r t a in  that  l i n e  broadening due t o  microwave probing w a s  negl igible .  

A t  high 

Excessive modulation of the dc magnetic f i e l d  w i l l  a l so  give a broadened l i n e  
shape as i s  shown i n  Fig. 9. 
of the  in t ens i ty  of the ac modulating f i e l d .  
su f f i c i en t ly  low modulating powers broadening of the l i n e  does not occur. 

The half  width of t he  spectrum i s  p lo t t ed  as a function 
Once again, it should be noted t h a t  f o r  

To assure t h a t  t he  Tophet A ribbons i n  the  waveguide measurement c e l l  would not 
a f f ec t  the  de ta i led  l i n e  s t ruc ture  of the absorption spectrum, the spectra  were care- 
f u l l y  compared with previous data taken at the same electron temperature but without 
the heater  ribbons i n  place.  The only noticeable change w a s  a decrease i n  the  over- 
a l l  s e n s i t i v i t y  of the spectrometer, while t he  l i n e  shape remained the same. 

Since the electron co l l i s ion  frequency i s  d i r e c t l y  proportional t o  the  gas press- 

The f a c t  t h a t  t h e  l i n e  width var ies  
ure,  increasing the cesium pressure should r e su l t  i n  the l i n e  width increasing l i n e a r l y  
as 2, function of pressure as i s  shorn i n  Fig.  10. 
l i n e a r l y  as a m c t i o n  of gas pressure a l so  serves t o  demonstrate that the  electron 
energy d i s t r ibu t ion  i s  Maxwellian at the  gas temperature. 
ure resu l ted  i n  a l i n e  shape change which was not d i r ec t ly  proportional t o  the  gas 
pressure,  then there  i s  evidence t h a t  t h e  electrons have not suffered a s u f f i c i e n t  
number of co l l i s ions  before entering the  measurement c e l l  t o  thermalize with the gas.  
Increasing the  gas pressure would increase the number of co l l i s ions  the electrons 
suffered and the  energy d is t r ibu t ion  would more closely resemble a Maxwellian. Since 
the  re la t ionship  between l i n e  w i d t h  and gas pressure i s  l i nea r ,  it may be assumed 
t h a t  t he  electrons have come in to  thermal equilibrium with the gas.  

f f  increasing the  gas press- 

14 



A-920057-5 

Analysis of Data 

Since the  in f l ec t ion  point width i s  the most accurate section of the  spectra  t o  
locate ,  it was used as the standard width t o  determine the  co l l i s ion  cross sect ion.  
To fu r the r  increase the  accuracy of the measurement, the  slope of the  in f l ec t ion  poi* 
width versus pressure (which was l i n e a r  i n  all cases)  was used t o  determine the value 
of XI = I W -  which occurs i n  equation ( 5 ) .  The slope of the  in f l ec t ion  
point l i n e  width versus pressure i n  
t o  XI i n  t he  following manner: 

XI = I w - w b  

where p i s  the pressure i n  mm Hg. 

The co l l i s ion  probabi l i ty ,  Pc, 
length per  mm Hg pressure a t  0 C i s  

, i s  r e l a t ed  gauss/mm Hg, designated (- A B  
A P  )I 

defined as the  number 
given by the  r e l a t ion  

I 
) 

of co l l i s ions  per  cm path 

where po = 273/T p i s  a "reduced" pressure.  

Combining equations ( 5 ) ,  ( 6 ) ,  and (7) we have as an equation f o r  the  co l l i s ion  
probabi l i ty  i n  terms of experimental parameters 

(6 .44X  ~ O ~ ) ( y + a ~ ' ~ v ~ ) T  
P,(V) = 

c I v  

The co l l i s ion  probabi l i ty  values obtained i n  t h i s  experiment are p lo t t ed  i n  Fig.  11 
with the  e r r o r  bars  indicat ing the possible spread i n  value due t o  a s c a t t e r  of points 
i n  the v i c i n i t y  of that energy. It should be pointed out t h a t  the  data  presented here 
w a s  accumulated with three  d i f fe ren t  cesium tubes: two constructed of quartz,  and one 
with the  e lec t ron  dr i f t  sect ion constructed of G.E. Lucalox ceramic. 

I n  order t o  be consis tent  with the  y 
a l l  data taken below 750 K was in te rpre ted  as being Lorentzian ( y = h = 0) .  
750 K, where Saha equilibrium w a s  the  condition, the  spectra  were in te rpre ted  with 
y = 3, h = 1, again determined from s ingle  spectra.  

the veloci ty  dependence predicted from single  spectra  f o r  the  cases of thermal ioniza- 
t i o n  equilibrium agree qui te  well with the  dependence found by changing the  cesium 
temperature . 

and h values predicted from single  spectra,  
Above 

It should be pointed out that 

The cross  sect ions are also shown i n  Fig. 12 i n  comparison t o  the results of 
many other  invest igat ions up t o  energies of 1.0 ev. 
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Discussion of Results 

The cyclotron resonance absorption technique has proved to be a very 
sensitive and accurate technique for the determination of low energy electron 
collision cross sections. The assumption that the spectra are predominantly 
pressure broadened has been thoroughly demonstrated experimentally giving 
confidence in the cross-section measurement. In addition, the assumption 
that the electron distribution function is not only Maxwellian but also in 
thermal equilibrium with the background gas atoms has been experimentally verified 
for those measurements where no external electron source was necessary. This 
last condition is unique for cross-section measurements in this energy range. 

The velocity dependence of the collision frequency has been definitely 
shown to influence the interpretation of spectral widths. For this reason, it 
is important that the velocity dependence predicted from single spectra be con- 
sistent with the variation of spectral widths with ambient temperature changes. 
This is not the case in our present analysis for data below 750 K where an 
external electron source by rf breakdown was necessary for the measurement. 
FOP this reason more credence should be given to the cross-section values deter- 
mined under the conditions of Saha equilibrium. Nevertheless, it is felt 
that the cross-section values at the lower energies are at least accurate to 
50 percent, and could become more accurate with further work. 

"he fact that the transition region between non-equilibrium ionization and 
thermal equilibrium ionization is available for experimental measurements pro- 
vides a proper way to ascertain whether or not different electron source 
configurations do indeed supply thermal electrons for cross-section measure- 
m e n t  s " 

The assumption of viscous gas flow in the presence of a temperature 
gradient between the upper and lower ovens should be verified to have complete 
confidence in the values assigned to the absolute pressure in the upper oven. 

16 
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I O N  COLLISION CROSS-SECTION MEASUREMENTS 

Introduction 

The t o t a l  cross  sect ion f o r  co l l i s ions  of cesium ions with cesium atoms has 
been measured with a modified Ramsauer Experiment i n  which contact po ten t ia l  
differences have been eliminated i n  the co l l i s ion  chamber. 
1 ev, small s t r a y  e l e c t r i c  f i e l d s  of the order of mi l l i vo l t s  per cm can d ras t i ca l ly  
e f f e c t  ion t r a j e c t o r i e s  giving r i s e  t o  spurious experimental r e s u l t s .  
design concept used i n  t h i s  experiment i s  t o  produce a completely f i e l d  f r e e  region 
i n  which the energy of the  ion beam can be uniquely determined and i n  which the  
co l l i s ions  can take place.  
know ion beam energies before the p a r t i c l e s  e n t e r  o r  a f t e r  they leave the  co l l i s ion  
chamber. However, while the cesium ion i s  within the co l l i s ion  chamber in t e rac t ing  
with cesium atoms i t s  energy is  uniquely known since the  radius  of curvature which 
it i s  forced t o  follow i n  the magnetic f i e l d  i s  defined by the geometry of t he  
chamber. This technique a l s o  eliminates errors which may occur when the  p a r t i c l e  
energy i s  determined by measuring applied poten t ia l s  which can be i n  ser ious d is -  
agreement with electrode surface poten t ia l s  i n  cesium environments. 

For energies leas than 

The basic  

With t h i s  design it is  not necessary t o  accurately 

Experimental Configuration 

A schematic of the ion c ross  sect ion experiment i s  shown i n  Figure 1. Ions 
a re  generated by contact ionizing cesium atoms which f l o w  through a hot paraus 
tungsten cap. 
focused by a series of slits i n  f ron t  of the source. The ions then t r ave l  on a 
curved path determined by a homogeneous magnetic f i e l d  generated by Helmholtz c o i l s  
and en te r  t h e  small slits i n  the co l l i s ion  chamber. 

The ions produced a t  the hot tungsten cap are accelerated and 

The co l l i s ion  chamber which w i l l  be described i n  d e t a i l  i n  a following sect ion 
has two r e e n t r a n t  slits so that e l e c t r i c  f i e l d s  generated i n  o ther  sections of the  
experiment w i l l  not e f f e c t  the  ion radius  of curvature ins ide  the  chamber. I f  the  
ion has the  proper energy, it w i l l  pass through t h e  three points  of geometrical con- 
sz ra in t  within the chamber and emerge from t h e  exit sl i t .  This chamber i s  arranged 
so t h a t  it can be f i l l e d  with cesium vapor, without introducing perturbing e l e c t r i c  
f i e l d s .  Ions of the  proper energy t o  t raverse  t h e  chamber which s u f f e r  co l l i s ions  
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are deflected from the  beam and are col lected on the  walls. Coll is ions within the 
chamber result i n  an at tenuat ion of' the ion beam emerging from the chamber which was 
col lec ted  either by a Faraday cup o r  an ion mul t ip l ie r .  

Ion Source 

The ion source assembly i s  shown i n  Fig. 2. The e n t i r e  assembly i s  mounted 
on a metal f lange with ceramic terminals t ha t  provide e l e c t r i c  i so l a t ion  for support 
rods and e l e c t r i c a l  leads required t o  apply po ten t i a l s  within the source. 
cesium i s  contained within a bo i l e r  heated by a separate heating element a t  the rear 
of the  source. 
ion izer  which cons is t s  of a porous tungsten disk, an e l e c t r i c a l  heater ,  and heat 
shields. 
a t  a temperature of roughly 1300 I(. As the cesium passes through the  porous tungs- 
ten  d i s k , i t  i s  ionized by contact ionizat ion on the  disk surface.  
formed a t  this surface i s  extracted by focusing electrodes a t  the f ron t  of t h e  disk.  
The po ten t i a l s  on the accelerat ing and focusing electrodes are normally maintained 
i n  a manner such that a la rge  negative well of the order of a few hundred v o l t s  
exists immediately i n  f ron t  of the source. 
extracted from t h e  surface by this poten t ia l  w e l l  and a r e  then decelerated by suc- 
ceeding slits u n t i l  they reach the  desired low energy su i tab le  f o r  c o l l i s i o n  cross- 
sec t ion  measurements. 
c o l l i s i o n  chamber sl i ts  was corrected f o r  by the use of def lec t ion  p l a t e s  placed i n  
f ron t  of the last  focusing p l a t e  of t h e  gun and d i r e c t l y  i n  f r o n t  of the c a l l i s i o n  
chamber. 

Liquid 

C e s i u m  flows through a t h i n  walled s t a i n l e s s  steel tube feeding the 

The electrical hea ters  a r e  b i f i l a r  wound and operate  so that the  cap i s  

The ion beam 

Ians born a t  the porous tungsten cap are 

Misalignment of the  ion source cap with respect  t o  t h e  

Coll is ion Chamber Design 

The c o l l i s i o n  chamber was designed t o  perform two functions. First, it pro- 
vided three points  of geometrical congtraint  which Gerve t o  define the rad ius  of 
the circle on which the  ions travel as they pass through the chamber. !TMe con- 
s t r a i n t  i s  necessary so t h a t  the  energy of the ions traversing the  chaniber m y  be 
determined uniquely by the s t rength  of the applied magnetic f i e l d .  Secondly, the  
chamber provides a region i n  which cesium vapor a t  a known pressure could be in t ro -  
duced i n  a region t h a t  i s  completely f ie ld  free so that ion c o l l i s i o n  cross-section 
measurements a t  extremely low energies could be conducted. To prevent electric 
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f i e l d s  generated i n  t h e  rest of the apparatus f r o m  penetrating i n t o  the  c h e r ,  the 
region immediately adjacent t o  the  slits through which the ions en ter  and exit was 
made re-entrant .  It was found by measurements on e l e c t r i c a l l y  conducting paper t h a t  
the re-entrant  design employed was one of the few designs which prevented the pene- 
t r a t i o n  of e l e c t r i c a l  f i e l d s  i n t o  the  chamber. 

Since contact po ten t i a l s  within t h e  chamber can ser iously perturb the t r a j e c t o r i e s  
of l o w  energy ions, the co l l i s ion  chamber had t o  be fabricated so t h a t  metal in te r faces  
o r  other possible areas of contact po ten t i a l s  were completely eliminated. A uniform 
metal surface without in te r faces  and with the i n t r i c a t e  shape required for the col-  
l i s i o n  chamber was fabr ica ted  by p la t iqg  an aluminum mandrel t o  a thickness of 0.050 
inches with pure copper i n  a p la t ing  bath without addi t ives .  
removed by chemical e tching with caus t ic  solut ions which only attacked the aluminum. 
Since addi t ives  were eliminated f r o m  the  p l a t ing  bath and only high pur i ty  e lectrodes 
were used i n  t h i s  process, the r e su l t i ng  electroformed co l l i s ion  chamber w a s  found 
t o  be of high pu r i ty  and exhibi ted excel lent  vacuum charac te r i s t ics ,  even at  elevated 
temperature s . 

The mandrel was then 

A photograph of an electroformed co l l i s ion  chamber i s  shown i n  Fig. 3.  Two 

The view i s  looking 
p o r t s  which provide cesium t o  e i t h e r  end of the co l l i s ion  chamber between the  middle 
cons t ra in t  point  are v i s i b l e  pointing upward i n  the  f igure.  
d i r e c t l y  i n t o  one of the slits which i s  posit ioned i n  the center  of one of the re- 
en t ran t  surfaces of the co l l i s ion  chamber. The thickness of the co l l i s ion  chamber 
walls, t h e  re-entrant  slits and the  center  constraining seet ion are shown i n  an x-ray 
of t h i s  co l l i s ion  chamber i n  Fig. 4. The x-ray was a l s o  used t o  determine t h a t  there  
was absolutely no aluminum from the  mandrel l e f t  i n  the  chamber a f t e r  etching. 

Ion Detecting System 

Ei ther  a Faraday cup type co l l ec to r  or  a twenty s tage electron mul t ip l ie r  was 
used t o  measure ion beam currents  ex i t i ng  the co l l i s ion  chamber. 
mul t ip l ie r  was posit ioned off the a d s  of t h e  ion beam t r a j ec to ry  as shown i n  Fig. 1 
and an accelerat ion p l a t e  was used t o  de f l ec t  the ions  i n t o  the first dynode of the 
mul t ip l ie r .  A photugraph of the  twenty s tage e lec t ron  mul t ip l ie r  which was used t o  
provide the  required increased s e n s i t i v i t y  i s  shown i n  Fig. 5 .  
used a t  current  l eve l s  below 
high vacuum e l e c t r i c a l  leads with su f f i c i en t ly  high impedance t o  meamre t h i s  ex- 
tremely low current  become6 troublesome. 

The e lec t ron  

The mul t ip l ie r  was 
amps a t  which point  the problem of obtaining 

The electron mul t ip l ie r  operates completely 
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6 with in  the vacuum system and provides a current  gain of the order of 105 t o  10 . 
gain results i n  su f f i c i en t ly  l a rge  currents  so t h a t  ceramic, high vacuum e l e c t r i c a l  
terminalg may be used with a minimum of d i f f i c u l t y .  

This 

The e lec t ron  mul t ip l ie r  was constructed by Nuclide Analysis Associates and has 
been used fo r  an extended period i n  a cesium environment without ser ious degradation 
of the gain. 
secondary e lec t ron  emission and good s t a b i l i t y  over long periods of time. 

The dynodes are constructed of beryllium copper which has a modest 

Vacuum System Design 

The vacuum chamber i s  a s t a i n l e s s  s t e e l  tank with a l l  f langes being sealed 
e i t h e r  with gold or copper O-rings. E lec t r i ca l  connections are made t o  the chamber 
by means of ceramic cable end seals which are welded i n t o  metal flanges.  
have been provided i n  t h e  area adjacent t o  the cesium ion gun and i n  the ion m u l t i -  
p l i e r  t o  reduce the cesium vapor pressure on these c r i t i c a l  points .  Control of the 
co l l i s ion  chamber and cesium reservoir  temperatures a re  maintained independently by 
pumping heated Dow 550 heat t ransfer  o i l  t o  each chamber. The c o l l i s i o n  chamber sl i t  
s i ze  has been determined so t h a t  a t  the maximum pressures i n  the chamber only one 
gram per hour of cesium will be l o s t  through the sl i ts .  The chamber containing the  
cesium ion source i s  completely i so l a t ed  from the chamber containing the ion m u l t i -  
p l i e r  by a ceramic disk which supports the co l l i s ion  chamber and e l e c t r i c a l l y  in -  
su l a t e s  it from ground poten t ia l .  Placing the ion source which e j e c t s  a copious 
quant i ty  of cesium ions and electrons as well as neut ra l  cesium atoms i n  a separate 
vacuum environment from t h a t  of the Faraday cupandthe ion mul t ip l ie r  was found t o  
be essential to obtain low noise levels .  

Cold t r aps  

Complete System 

The overa l l  system i s  shown i n  Fig.  6. The co l l i s ion  chamber i s  ins ide  the 
s t a i n l e s s  s t e e l  vacuum tank a t  the l e f t  of the photograph. 
c o i l s  on the top of the chamber are one half  of the Helmholtz c o i l  which provides 
the  uniform magnetic f i e l d  fo r  ion energy analysis .  
measure the  po ten t i a l s  applied t o  the  slits of the gun, the  electron mul t ip l ie r  and 
the  def lec t ing  p l a t e s  are i n  a rack t o  the r i g h t  of the apparatus. 

The three la rge  pancake 

The equipment t o  regula te  and 
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System Performance 

Fig.  7 shows a typ ica l  ion energy d i s t r ibu t ion  obtained with the ion source 
and electroformed co l l i s ion  chamber. The resolut ion a t  t h i s  low energy represents 
good energy se lec t ion  of t he  ions.  Proper adjustment of a l l  focus electrodes as 
w e l l  as the  de f l ec t  p l a t e s  t o  properly posi t ion the  ion beam on the  radius of the  
co l l i s ion  chamber w a s  found necessary t o  obtain high current ion beams. 
measured ion current passing through the  co l l i s ion  chamber as a function of the  
ion energy i s  shown Fig. 8. 
operation had been made previously with a dummy co l l i s ion  chamber subs t i tu ted  
f o r  t he  electroformed chamber. 
w a s  made t o  eliminate contact po ten t i a l s .  It w a s  found i n  the  course of the 
experiments t h a t  the  minimum energy a t  which-a detectable  ion beam could be focused 
through the  system decreased s ign i f i can t ly  with the  use of the electroformed cham- 
ber .  amps has been 
measured with the  electroformed chamber i n  the system. Although t h i s  current i s  
extremely low it i s  e n t i r e l y  sa t i s f ac to ry  f o r  use i n  experiments t o  determine 
co l l i s ion  cross sect ions and v e r i f i e s  the soundness of the or ig ina l  experimental 
concept. The deviation from the  space-charge current l imited curve i s  qui te  
i n t e re s t ing .  It i s  f e l t  t h a t  t h i s  deviation occurs a t  ion energies a t  which the  
ve loc i ty  of the  ions perpendicular t o  the beam i s  comparable t o  the  d i rec ted  
veloci ty .  
of beam current .  

The 

Preliminary measurements t o  ve r i fy  ion source 

I n  the construction of t h i s  dummy chamber no attempt 

A t  an energy of 0.1 ev current of the  order of 6 x 

The perpendicular veloci ty  leads  t o  beam spreading and a reduction 
\ 

A t  higher energies,  t he  current from the  source i s  predicted qui te  well by 
the space charge l imi ted  current re la t ionships .  Figure 9 shows t h e  performance 
of t h i s  system a t  low current l eve l s .  
and t h e  reading of 2 x 10-l8 amps should be noted as well as the  s igna l  due t o  
ion current detected on the 0 .1  ev ion peak. 

The difference between the  noise  l e v e l  

A t  the  low ion current l eve l s  it w a s  found necessary t o  tu rn  off  the ion 
gauge i n  t h i s  p a r t  of the vacuum system t o  reduce the mul t ip l i e r  noise l eve l .  
Since the ion gauge w a s  i so l a t ed  from the  mul t ip l ie r  i n  the system by a cold t r a p  
and an extremely unfavorable path f o r  ions e x i s t s  from the gauge t o  the  multi-  
p l i e r ,  t h i s  r e s u l t  seems extremely s ign i f i can t .  

Cesium pur i ty  used f o r  these measurements w a s  of extreme concern. However, 
it w a s  found extremely desirable  t o  have s m a l l  l eve l s  of other  a l k a l i  metals 
i n  the  cesium i n  the  ion izer  gun, By observing the r a t i o  of ion peaks which 
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appeared i n  the  spectrum i t  was possible  t o  pos i t ive ly  iden t i fy  the  cesium ion 
beam with r e l a t i o n  t o  the  other  a l k a l i  metal impuri t ies .  The cesium used i n  the 
c o l l i s i o n  chamber was  supplied by the  Dow Chemical Company and t h e i r  ana lys i s  
showed a t o t a l  impurity content of 0.0211 per cent  with other a l k a l i  metals 
cons t i t u t ing  0.0068 per cent  of t h i s  l eve l .  

DISCUSSION OF RESULTS 

Figure 10 shows ion charge exchange c o l l i s i o n  cross  sect ions reported i n  the 
l i t e r a t u r e  f o r  cesium ions i n  cesium vapor f o r  ion energies i n  the range of 5.0 ev 
t o  10 Kev. The present experiment measures the  t o t a l  c o l l i s i o n  c ross  sect ion i n  
the  energy range of 0.12 t o  9.7 ev which i s  an energy range considerably lower than 
those previously reported. 
c ross  sect ions measured i n  the  present experiment would be higher than the  charge 
exchange cross  sec t ions  i n  the  l i t e r a t u r e .  Also, it would be expected t h a t  t he  
cross  sec t ion  would approach the  theo re t i ca l  l i m i t  reported by Sena i n  R e f .  1. 

Therefore, it would be expected t h a t  the  c o l l i s i o n  

The pressure measurements made i n  t h i s  experiment were based on the vapor 
pressure r e l a t ionsh ip  reported by Nottingham i n  R e f .  7. Throughout a l l  t h e  tests 
the  c o l l i s i o n  chamber w a s  maintained a t  a temperature of approximately 430 K which 
w a s  always higher than the required cesium w e l l  temperatures. 
t a i n  a r e l a t i v e l y  uniform coating of cesium on the  inner  surfaces of the  c o l l i s i o n  
chamber. 
difference due t o  the temperature gradient .  
tween the  cesium w e l l  and the  c o l l i s i o n  chamber it has been ca lcu la ted  with in fo r -  
mation reported i n  Refs. 8, 9, and 10 t h a t  less than 0.05 per cent  of the  cesium 
density i n  the upper chamber i s  due t o  molecular cesium. 

This w a s  done t o  main- 

A l l  reported cross-section information has been corrected f o r  the  density 
With t h i s  temperature difference be- 

Shown i n  Fig.  11 i s  a typ ica l  ion cur ren t  attenuation due t o  increasing cesium 
pi’essure i n  the c o l l i s i o n  chamber. The t o t a l  c o l l i s i o n  c ross  sec t ions  presented 
i l l  Fig. 12  should be considered preliminary with the ac tua l  magnitude of the cross 
sect ion r e l i a b l e  t o  20 per cent .  I n  the  low energy regime no correction has been 
made for the  ve loc i ty  of t he  t a rge t  (neu t r a l )  atoms. 
correction t o  the energy sca le  of 31 per cent  a t  the lowest energy. With fu r the r  
measurements of the  c ross  sect ion a t  high energies ,  the ve loc i ty  dependence on the 
c*i’oss section can be determined. By changing the  gas temperature i n  the  chamber a d  
determining the c ross  sect ion a t  d i f f e r e n t  energies, the  measured c ross  sect ions a t  
the lower energies  can be corrected f o r  the  ve loc i ty  of the t a r g e t  atom. 

This would r e s u l t  i n  a possible  

24 



A-920057-5 

REFERENCES 

1. 

2. 

3 -  

4. 

5 .  

6. 

7 .  

8. 

9. 

10 - 

S. C.  Brown, Basic Data of Plasma Physics (John Wiley & Sons, New York, 1959), 
Chap. 2, pp. 36-46. 

R.  C. Speiser and R .  H. Vernon, "Cesium Ion-Atom Charge Exchange Scattering," 
ARS Space F l igh t  Report t o  the Nation, Oct. 9-15, 1961, New York City.  

D. K .  Chkuaseli, V. D. Nikoleishuili  and A. I. Guldamashvili, Izves t iya  Akademii 
Nauk (USSR) (Physics Ser ies )  - 24, 970, (1960). 

R. M. Kushnir, €3. M. Palyukh and L. A. Sena, Izves t iya  Akademii Nauk (USSR) 
(Physics Se r i e s )  - 23, 995 (1959). 

A .  M. Bukhmeev and Y. F. Bydin, Izvest iya Akademii Nauk (USSR) (Physics Ser ies )  - 24, 964 (1960). 

0. B. Firsov, "Theoretical Curve Based on Fi rsov ' s  Method," J. Exptl. Theoret. 
Phys. (USSR) -, 21 1001 (1951). 

W. B. Nottingham, MoI.T.  Research Laboratory of Electronics ,  Quarterly Progress 
Report No. 58, Ju ly  15, 1960. 

E.  A .  Moelwyn-Hughes, Physical Chemistry, Pergamon Press, (1957), p. 417, 968. 

G. Herzberg, Molecular Spectra and Molecular Structure ,  I Spectra of Diatomic 
Molecules, 2nd ed., van Nostrand, New York (1950). 

F. Sh. Shi f r in ,  A Method of Investigating the Electronic S ta t e s  of Diatomic 
Molecules, Doklady, I, 5, 557 (1956). 

25 



A-9200 57 -5  FIG. I 

z 
0 
I- o 
W 
v) 

I 

- 

z 
Q 



A-920057-5 FIG. 2 

b 
a 
4 
a w 
N 

3 m z 
w 
v) 
v) a 
W 
0 a 
3 
0 
v) 

z 
0 - 

RL62 - 236 - A  

n 
-fh 

a 

W 
0 
0 
I- o w 
-I w 

a 
m 
a 

w 
2 
I o 

f m w 
0 



A- 920057-5 

SLIT 

ELECTRO- FORMED COPPER COLLISION CHAMBER 

CESIUM FEED TUBES 

A 

RE-ENTRANT SLIT AREA 

FIG. 3 

RL- 63-128-8 



A-920057-5 FIG. 4 

X - RAY OF E L ECTRO - FORMED COLLISION CHAMBER 



A-920057-5 

ION MULT 

FIG. 5 

PLIER SYSTEM 

20 STAGE DYNODE STRUCTURE WITH DEFLECTION PLATES 

ION BEAM 
TRAJECTORY 1 DEFLECTION 

PLATE 7 

RL- 63 -32 



FIG. 6 
A - 9 2 0057-5 

RL- 63-173 



A - 9 2 0 0 5 7 - 5  

TYPICAL ION BEAM ENERGY DISTRIBUTION 

FIG. 7 

0.6 

0 . 5  

m 
n 
I a 0.4 

0 
E 

I 
I- z E 0.3 
a 
3 
0 

I 
W 
a 
rn 

0 
0.2 

z 

0. I 

0 
0 I 2 3 4 5 

PARTICLE ENERGY - eV 



A - 9 2 0 0 5 7 - 5  FIG. 8 

LOW ENERGY ION BEAM CURRENT 

r IO - I 2  

I 0-14 

IO-'' 

Io-= 

I 0-l' 

-- -7- 
' I  

-_7 

' I  
: ' j  

i i I  

A 

0 

ILIULTIFLIER VOLTAGE = 2 . 6 k v  

tvlU LT I P L I E R VOLTAGE = 3 . 6 k v  

, ' .  
! I :  

v) 

G 

0 

I- 
Z 
W 
iL 
X 
3 
V 

z 
0 

E 
I 

- 

F.1ULTI PL lE R Ah: FLlF I CATION I 

---- T- -- . 

i 
- 

I 
i 
j 

-4 

I 

i 
I 
I 

I 
' I  

0 0 . 2  0.4 I .o 0.8 

PARTICLE ENERGY - e V  



A-920057-5 FIG. 9 

> 
Q) - 
0 

I- z 
W a a 

=E a 
m W 

z 
0 - 



A - 920057 - 5 

1600 

I500 

I 4 0 0  

CT 
I 

I300 

FIG. IO 

REPORTED CHARGE EXCHANGE COLLISION CROSS SECTIONS 

- 
REF. 

0 2  
A 3  
0 4  
0 5  
X 6  X 

- 

EXPANDED SCALE 
(SEE REF.6  AND B E L O W )  

- 

I L I I 

5 
0 
\ 
Ix 
w 

1600 I 
3 z 
I 

a" 
- 12oc z 

0 
+ 
0 
w 
v, 

v) 

0 
Ix 
0 

z 

cn 
-1 

- 

v, 800 

s1 
- 

400 
0 u 

0 

ENERGY - JTEE 

X 

\ 
X 

P, (REF I )  
\ 
X 
\ 

X 

0 20 40 60 80 roo 
ENERGY - J E E  



~ 

A- 920057 - 5 FIG. II 

tn a 
5 

I a 
l 

I I 
I + z 

W e ix 
3 
0 

5 a 
m 
W 

TYPICAL ION BEAM ATTENUATION WITH 
INCREASING COLLISION CHAMBER PRESSURE 

2 

I x 10- 

8 

6 

4 

2 x IO-’ 

BEAM AMPLIFICATION = 2 x 10’ 

7 8 9 IO I1 12 x 

CORRECTED cs PRESSURE - mm Hg 



~- ~ 

A -920057- 5 

I z 
0 2  

0 m -  
- 

0 

I I I I I I 1 

FIG. 12 

0 
0 
0 

N 
e- 

0 
0 

0 
N 

0- 

0 
0 s 

bH "I I ':13 - 
I- 1-  


